INTRODUCTION
Neutron spectrometry is important in radiation protection, because the dose equivalent from a given neutron fluence depends strongly on the energy spectrum. Hydrogen-filled proportional counters are a good choice of spectrometer in the energy region from a few tens of keV up to 1.5 MeV, because of their high resolution (relative to Bonner spheres) and favourable signal-to-noise ratio (relative to organic scintillators). One popular design of such a counter is the SP2 chamber (1) , consisting of a 40-mm diameter thin metal sphere containing hydrogen gas at a pressure of 10 5 -10 6 Pa ( 1-10 atmospheres), and with a thin wire anode across one diameter ( Figure 1 ).
Unfortunately gamma rays also generate signals in these chambers and mask low-energy signals from neutrons. It is possible in principle to distinguish the two types of event by analysing the rise time of each signal pulse along with its amplitude, but with conventional modular analogue electronics the system required to do this is complex to assemble and adjust (2) . The aim of the present work was to assess the potential of digital sampling hardware, in conjunction with custom control software, to simplify data acquisition from SP2 counters, while still permitting neutron/gamma discrimination and preserving the quality of the derived neutron pulse-height spectrum. Figure 2 shows typical neutron and gamma interactions in the chamber. The neutron scatters elastically from a hydrogen nucleus, and the recoiling proton generates ionisation in the gas. The gamma ray on the other hand undergoes Compton scattering with an electron in the chamber wall, and this electron recoils into the gas. Because the stopping power of the gas is much lower for the electron than the proton, the electron track is much longer, and it typically crosses the chamber and hits the far wall. This means that there is a maximum energy that a gamma ray can deposit in the chamber, irrespective of the gamma energy. It also provides a basis for distinguishing neutron and gamma events: the primary ionisation electrons from the electron track typically have a greater spread of distances to travel before arriving at the wire, and so arrive over a greater span of time, producing a signal with a significantly greater rise time (Figure 3 ). Li( p,n) reaction, using a 60-mg cm 22 LiF target on a silver backing. An SP2 chamber filled to 3 atmospheres was exposed to 565-keV neutrons at an angle of 08 to the proton beam, and data acquired as described below. A 1-atmosphere chamber was separately used with the 70-keV neutrons that are produced at 508 to the beam when the 08 energy is 144 keV. The LiF target generates gamma rays (mostly from fluorine reactions) along with the neutrons, with a spectrum extending up to 7 MeV (3) . An approximate calculation based on dose measurements at NPL (4) with GM tubes indicates that there are 0.6 gamma rays per neutron at 70 keV and 0.3 at 565 keV.
NEUTRON/GAMMA DISCRIMINATION IN SP2 COUNTERS
For digital data acquisition, the signal processing chain was conventional as far as the preamplifier (Ortec model 142PC), but then the preamplifier # Crown copyright 2013.
Radiation Protection Dosimetry (2014), Vol. 161, No. 1-4, pp. 253 -256 doi:10.1093/rpd/nct262 Advance Access publication 4 November 2013 output pulse was passed directly to a 12-bit Acqiris DP310 (Agilent U1070A-001) sampling card in a PC. The card was set so that, on receipt of a trigger, it acquired 1000 samples, spanning 5 ms each side of the trigger (10 ns between samples). The internal trigger of the card could not be set below 10 % of the upper limit of the input voltage range, and this prevented acquisition of low-energy pulses. To circumvent this problem the second pulse output from the preamplifier was connected to an Ortec 551 TSCA, via a fast amplifier, to produce an external trigger.
The sampling card was controlled by a LabVIEW (see, for example, http://www.ni.com/labview/) program written for this experiment. The program includes analysis routines that derive an amplitude and rise time from each set of samples as it is acquired, logging this pair of numbers for later analysis. The rise time calculation is based on the time for the pulse to rise from 10 to 90 % of its amplitude, and includes some smoothing together with a rejection criterion for misshapen pulses. The detailed pulse shape is not logged.
For comparison with the digital system, data were additionally acquired using conventional analogue electronics (main amplifier, ADC/MCA) in a 1-parameter configuration without rise time information.
The digital system acquired 85 000-100 000 events in each run (around 3 MB of ascii data), at 15 events per second. This rate does not represent the maximum achievable digital throughput, as neither the data transfer from the card nor the analysis were optimised. Furthermore, SP2 counters have a low efficiency and generate low event rates in the conditions used here. For comparison, the analogue system acquired events at 45 s
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RESULTS AND DISCUSSION
The digitally-acquired 2-parameter results are shown in Figures 4a and 5a for the 565-and 70-keV data, respectively. Separate neutron and gamma branches are clearly visible, although they overlap at low energies. Obviously, one would like to draw a discrimination boundary that separates neutron and gamma events cleanly down to a lower energy than could be achieved with a simple amplitude threshold (which would appear as a vertical line in the Figures). Unfortunately, because the gamma branch is itself nearly vertical, there is little scope for this. To achieve a significant improvement, neutron/gamma separation must be carried out within the overlap region, and it is not obvious how to do this.
For illustrative purposes, a straight-line boundary has been assumed in each case, and used to derive the 'neutron' pulse-height spectra in Figures 4b and 5b . The results show a highly plausible extrapolation of Am/Be source with lead cover. The black trace has a short rise time and high amplitude, and is identified as a neutron. The grey trace has a long rise time and low amplitude, and is identified as a gamma ray. the spectrum to low energies. However, the boundary used is somewhat arbitrary. Knauf and Wittstock (2) found that they faced a similar problem in order to achieve the best possible minimum energy with their 2-parameter analogue data. They advocated a fitting process in rise-time space at several constant-energy slices. For best performance, a similar process needs to be incorporated into the analysis of the digital data.
The 2-parameter 565-keV data show complex features (regions with a low density of counts) that are not present at 70 keV. To clarify the reason for this, a Monte Carlo simulation was written to calculate the energy and rise time of a large number of events in the chamber. The energy of an event was reduced appropriately if the charged particle track hit the chamber boundary (wall effect), and rise time was estimated using a geometric proxy, namely the difference between the greatest and smallest distances of the track from the wire (all distances being measured in a plane perpendicular to the wire). Incident gammas with an arbitrary high-energy spectrum, interacting with electrons on the surface of the spherical volume, were included to establish an approximate scale for the rise time axis. The main differences between the 565-and 70-keV data are successfully reproduced (Figure 6 ). The 565-keV features are seen to be due to the wall effect because they vanish from the output of the simulation when the wall effect is turned off (by allowing the chamber to appear infinite to recoiling charged particles). . The straight black line shows the trial neutron-gamma boundary used to produce the neutron pulse-height spectrum in (b). (b) Pulse-height spectra from the 3-atmosphere chamber and 565-keV neutrons. Grey trace: spectrum as measured by conventional analogue electronics and 1-parameter data acquisition (no rise time information). Black trace: neutron spectrum derived from the digital data using the trial neutron-gamma boundary. The vertical axis of the digital spectrum has been scaled to allow the shapes to be compared easily. 
CONCLUSIONS
(1) Digital techniques simplify the acquisition of 2-parameter data from SP2 counters very considerably compared with conventional modular analogue techniques. The initial programming effort for the digital system is of course substantial, but once this is done it need not be repeated. (2) Neutron/gamma discrimination in the lowenergy region, where the two branches overlap, is problematic in analogue systems, and the digital approach has the same issue. However, the new technique still appeals over the conventional one because of point (1) above. (3) In the present experiment, the digitally derived neutron pulse-height spectrum is a good match to that from the conventional 1-parameter electronics, at energies where gamma pulses do not interfere. (4) It may be possible to eliminate the external trigger units via improved sampler hardware, or by acquiring data at two gains simultaneously and triggering on the high-gain channel. This would further simplify the digital method, to the point where it may even be preferred to 1-parameter acquisition by conventional modules.
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